Downregulation of microRNA-34a by Myc is known to be essential for tumorigenesis and improve tumor-cell survival. Conversely, upregulation of miR-34a by p53 is thought to enhance its acetylation and activity and contribute to the pro-apoptotic effects of this tumor suppressor. We sought to determine whether restoration of miR-34a levels in B-lymphoid cells with Myc overexpression would aid therapeutic apoptosis. Unexpectedly, delivery of miR-34a, which doesn't target p53 directly, severely compromised steady-state p53 levels. This effect was preceded and mediated by direct targeting of Myc, which sustained p53 protein levels via the Arf-Hdm2 pathway. As a result, in the presence of Myc, miR-34a inhibited p53-dependent bortezomib-induced apoptosis as efficiently as anti-p53 small interfering RNA. Conversely, inhibition of miR-34a using antisense RNA sensitized lymphoma cells to therapeutic apoptosis. Thus, in tumors with deregulated Myc expression, miR-34a confers drug resistance and could be considered a therapeutic target.
Introduction
Burkitt's lymphoma (BL) is a hematological neoplasm carrying a telltale t(8;14) cytogenetic alteration, which juxtaposes the MYC proto-oncogene and the immunoglobulin heavy chain enhancer resulting in constitutive expression of Myc protein in B-cells. The majority (70%) of BL retain wild-type p53 (Lindstrom and Wiman, 2002) , although the incidence of p53 mutations in cell lines is double that found in human biopsies (Bhatia et al., 1992) . This combination has profound consequences for cell homeostasis as Myc is a key transcription factor that regulates cell proliferation, growth, differentiation and p53-dependent apoptosis, primarily via the ARF/HDM2/p53 axis. Specifically, deregulated Myc activates p19 ARF , which in turn interacts with and inhibits HDM2, an E3 ubiquitin ligase targeting p53 for proteasomal degradation. Arfstabilized p53 is capable of launching an apoptotic program that includes direct transcriptional activation of death-inducing genes, such as NOXA, PUMA and BAX (reviewed in Junttila and Evan, 2009 ). Yet for this to occur p53 has to be acetylated on residue K382 and moreover, K382-acetylation has to be protected from SIRT-1, a NAD-dependent deacetylase (Vaziri et al., 2001) . This is accomplished, at least in part, through the capacity of p53 to induce expression of several microRNAs, in particular miR-34a.
miRNAs are short, 18-24 nucleotides molecules of RNA that regulate the stability and translational efficiency of target mRNAs (Bartel, 2009 ) and have important roles in cancer. For example, miR-34a has been described as pro-apoptotic and growth-suppressive (reviewed in He et al., 2007b) . Consistent with these findings, the corresponding chromosomal region (1p36) is frequently deleted in a variety of cancers, including neuroblastomas, pancreatic, breast, hepatic and colon carcinomas (reviewed in Bagchi and Mills, 2008) . Also, epigenetic silencing of miR-34a has been identified in tumor-derived cell lines and in primary melanomas (Lodygin et al., 2008) . Conversely, p53 robustly activates miR-34a expression under conditions of genotoxic stress (Bommer et al., 2007; Chang et al., 2007; Corney et al., 2007; Raver-Shapira et al., 2007; Tarasov et al., 2007; He et al., 2007a) . Furthermore, one of the better validated targets of miR-34a is SIRT1 (Yamakuchi et al., 2008) , an NAD-dependent deacetylase capable of de-modifying amino acid K382 in p53 and thus compromising p53 activity (Vaziri et al., 2001) .
The existence of the positive feed-back loop wherein p53 induces miR-34a and mir-34a activates p53 by inhibiting SIRT1, suggests that increasing the amount of miR-34a in cells that retain wild-type p53 could enhance therapeutic apoptosis (Yamakuchi and Lowenstein, 2009) . This is because p53 dictates apoptotic response not only to DNA-damaging agents, but also to other anticancer drugs. For example, in Myc-induced bone marrowderived B-lymphomas (Yu and Thomas-Tikhonenko, 2002; Yu et al., 2005) we observed that tumor cell killing by proteasome inhibitors (for example, bortezomib) requires functional p53. Specifically, when the dormant p53-ER fusion protein was activated with estrogen (Amaravadi et al., 2007) , previously resistant B-lymphoma cells became sensitive to bortezomib .
The concept of miR-34a augmentation seemed especially important in the context of Myc overexpression. This is because Myc also regulates multiple miRNAs (O'Donnell et al., 2005; Dews et al., 2006; Chang et al., 2008; Lin et al., 2009) , including miR-34a. However, unlike p53, Myc represses miR-34a expression, and low miR-34a levels are a hallmark of Mycdriven lymphomas (Chang et al., 2008; Chang et al., 2009) . Thus, we set out to test whether restoration of miR-34a expression in Myc-overexpressing, TP53wt-containing tumor cells could be of therapeutic use.
Results and discussion miR-34a expression or Myc silencing induce downregulation of p53 in B-lymphoid cell lines We first asked whether restoration of miR-34a in Blymphoid cell lines with intact p53 results in increased p53 activity. To answer this question, we chose P493-6 cells, an established human Epstein-Barr virus EBNA1/ EBNA2-positive B-cell line, in which Myc is expressed under the control of a tetracycline-regulated promoter. Thus, the genetic make-up of P493-6 cells resembles that of BL (Pajic et al., 2000; Schuhmacher et al., 2001) . We transfected miR-34a mimics into P493-6 cells via electroporation, and measured steady-state levels of miR-34a by quantitative reverse transcription-PCR. Relatively modest, o10-fold overexpression of miR34a was observed (Figure 1a) . It was similar in scope to that seen in lymphomas with inactivated Myc (Chang et al., 2008) and thus not supra-physiological.
To assess the functionality of the miR-34a mimic, we first analyzed its well-known target SIRT1. As expected, under our experimental conditions, the protein levels of SIRT1 were considerably reduced by ectopic miR34a expression, causing a commensurate increase in the acetylation of known SIRT1 targets such as lysine-16 of histone 4 (H4K16) (Brachmann et al., 1995) and other lysine residues detectable using a pan-specific acetyl lysine antibody (Figure 1b) . Surprisingly, the acetylation status of the SIRT1-specific residue K382 on p53 was not affected despite strongly reduced SIRT1 levels ( Figure 1c) . One possible explanation of this result was that miR-34a-induced acetylation of p53 was mitigated by reduced p53 steady-state levels.
To test this idea, we transfected miR-34a or a control mimic into four B-lymphoid cell lines: P493-6 (see above), LY47 (BL), GM609 (EBV-immortalized lymphoblasts) and Nalm-6 (B-cell acute lymphocytic leukemia), all of which retain wild-type p53 (Lindstrom et al., 2001; Adachi et al., 2006) and express similar levels of endogenous Myc (data not shown). In all cell lines tested, ectopic expression of miR34a induced downregulation of both SIRT1 and p53 ( Figure 1d ).
As p53 is not a predicted target of miR-34a and its mRNA was not affected by miR-34a in a genome-wide gain-of-function screen ( (Linsley et al., 2007) (data not shown)), we considered the involvement of key positive regulators of p53, such as Myc. To determine whether Myc regulates p53 in P493-6 cells, we used treatment with doxycycline. Myc production was shut down quickly after addition of doxycycline, and as Myc levels plunged, so did levels of p53 (Figure 1e ). We next sought to determine whether regulation of p53 by Myc occurs at a transcriptional or a post-transcriptional level. Although mRNA levels of Myc decreased sharply, p53 mRNA levels did not change appreciably upon addition of doxycycline (Figure 1f ). This suggested that the TP53 gene is transcribed even in the absence of Myc, but its protein levels cannot be sustained unless Myc is coexpressed. We were unsuccessful in verifying Arf expression by western blotting. However, in the presence of Nutlin-3a, a direct inhibitor of HDM2 (Vassilev et al., 2004) , there was no difference in p53 levels between Myc-positive and -negative cells ( Figure 1g ). Therefore, in P493-6 cells Myc-mediated stabilization of p53 takes place at a post-transcriptional level through the Myc -4 ARF -| HDM2 axis. Thus, it was possible that the observed effects of miR-34a on p53 were mediated by Myc.
miR-34a regulates p53 in a Myc-dependent manner Indeed, of all known positive regulators of p53, only Myc exhibited marginal downregulation at the mRNA level in the genome-wide gain-of-function screen performed ( (Linsley et al., 2007) (data not shown)). In addition, others have recently shown that Myc 3 0 untranslated region (UTR) contains a non-canonical seed sequence for all miR-34 family members (Kong et al., 2008; Christoffersen et al., 2010) , suggesting that miR-34a could inhibit Myc protein expression and in doing so bring down p53 levels. Unfortunately, P493-6 cells are not amenable to retrovirus transduction. Thus, to validate Myc as a miR-34a target, we first used human primary fibroblasts immortalized with telomerase (BJ-hTERT) and expressing undetectable levels of endogenous Myc.
BJ-hTERT cells were transduced with retroviral constructs expressing either myc with the full-length 3 0 UTR (Myc-3 0 wt), or myc without 3 0 UTR (Myc-D3 0 UTR), or myc with the 3 0 UTR bearing a mutation in the putative miR-34a binding site (Myc-3 0 mut). As shown in Figure 2a , miR-34a strongly downregulates retrovirally encoded Myc in a manner dependent on the presence of 3 0 UTR. This downregulation was impaired-but interestingly, not completely abolishedwhen the known miR-34a binding site (Kong et al., 2008) was mutated ( Figure 2b ). This suggested the existence of other miR-34a binding sites, and the newer target prediction algorithms such as RNA22 (Miranda et al., 2006) indeed reveal several additional sites in MYC 3 0 UTR (data not shown). These sites typically have 1-2 mismatches in the seed homology region, which are offset by additional base pairing at the 5 0 end.
Such non-canonical sites have been recently found and validated in other genes (Lal et al., 2009) . To determine whether downregulation of p53 by miR34a is Myc-mediated and Myc-dependent, we first performed a time-course experiment wherein P493-6 cells were transfected with miR-34a and harvested after 24 and 48 h. Data in Figure 2c show that 24 h after transfection, the levels of Myc were already lower than in control cells, while the levels of p53 have not yet changed. However, 48 h after transfection, both p53 and Myc protein levels were suppressed, suggesting a sequence of events where Myc downregulation precedes that of p53.
To test whether p53 downregulation by miR-34a required Myc targeting, we repeated the miR-34a mimic experiment in the absence or presence of doxycycline (that is, in the presence or absence of Myc). When miR34a was introduced in the absence of Myc, no changes in the levels of remaining p53 were detected (Figure 2d ) indicating that Myc mediates the effect of miR-34a on p53.
Furthermore, to test whether the miR-34a -| Myc -4 p53 axis functions without miR-34a overexpression, we inhibited endogenous miR-34a by transfecting the antimiR-34a antisense inhibitor into P493-6 cells. miR-34a levels were reduced 60-80% as a result of this treatment (data not shown). As only partial reactivation of p53 was expected, we wanted to use as an additional readout Hdm2, a transcriptional target of p53 (Barak et al., 1993; Wu et al., 1993) . To confirm that in P493-6 cells p53 controls Hdm2 directly and independently of Myc, we depleted p53 using transient transfection with small interfering RNA (siRNA) and demonstrated that p53 knockdown is sufficient to sharply downregulate Hdm2 (Figure 2e) . Thereafter, the effects of miR-34a inhibitor were studied in DOX-treated and -untreated cells. In the absence of doxycycline, we observed upregulation of both Myc and p53 (Figure 2f, left two lanes) . The upregulation of p53, while modest, was functionally significant, as it resulted in upregulation of Hdm2. However, in the presence of doxycycline Myc was not Figure 1 Ectopic expression of miR-34a or silencing of Myc downregulates p53 in B-lymphoid cells. (a) miR-34a levels in P493-6 cells transfected using Amaxa nucleofector (Amaxa, Lonza, Switzerland) with 300 nM of miR-34a mimic or control miRNA (Dharmacon, Lafayette, CO, USA) and harvested after 24 h. Total RNA was isolated following the TRIzol reagent protocol (Invitrogen, Carlsbad, CA, USA). miRNA expression was analyzed using TaqMan microRNA assay and relative abundance of miR-34a was measured by qRT-PCR and normalized to that of RNU6B. (b, c) Levels of SIRT-1 and other lysine-acetylated proteins in P493-6 cells transfected with miR-34a or control miRNA as in a. Acetylated proteins were extracted as previously described (Sykes et al., 2006) and protein levels were assessed by western blotting using the following antibodies: anti-SIRT-1(H-300) and anti-p53(FL-393) from Santa Cruz Biotechnology (Santa Cruz, CA, USA), anti-acetyl-p53-Lys382 (#2525) from Cell Signaling (Danvers, MA, USA), anti-acetyl-histone 4-K16 (#39167) from Active Motif (Carlsbad, CA, USA), anti-acetyl lysine (#06-933) from Upstate (Lake Placid, NY, USA) and anti-b-actin from Sigma-Aldrich (St Louis, MO, USA). Arrows denote unidentified proteins, levels of acetylation of which increased upon overexpression of miR-34a. (d) Indicated B-lymphoid cell lines were cultured and maintained in RPMI 1640 medium supplemented with 10% tetracycline-free fetal bovine serum, penicillin and streptomycin at 37 1C. Cells were transfected as in a and protein levels where analyzed by western blotting. (e) Protein levels of Myc and p53 in P493-6 cells treated with 0.1 mg/ml doxycycline (DOX) (Sigma-Aldrich). Cell lysates were prepared at the indicated time points and analyzed by western blotting using the anti-Myc (9E10) (Calbiochem, EMD Biosciences, Darmstadt, Germany) or p53 antibodies. (f) mRNA levels of p53 and Myc in P493-6 cells from panel b were analyzed by qPCR. Extracted RNAs were treated with DNAse (Turbo DNA-free KIT, Ambion, Austin, TX, USA) and then reverse-transcribed into DNA using SuperScript III First-Strand Synthesis System from Invitrogen. Real-time PCR was performed using an ABI 7900 Sequence Detection system with the SYBR Green PCR core reagent Kit (Applied Biosystems, Foster City, CA, USA). QuantiTect Primer Assays for Myc, p53 and b-Actin (control) were obtained from Qiagen (Valencia, CA, USA). (g) Protein levels of Myc and p53 in P493-6 cells treated with doxycycline in the presence of 12.5 mM Nutlin-3 (Sigma-Aldrich), as measured by Western blotting. expressed and neither p53 nor Hdm2 were induced by the miR-34a inhibitor (Figure 2f , right two lanes). Thus, previous targeting of Myc by miR-34a is both necessary and sufficient for the downregulation of p53.
Bortezomib induces apoptosis in Myc-transformed cells in a p53-dependent manner
We had previously reported that the p53 status determines the response of B-cell lymphomas to bortezomib . To confirm that P493-6 cells die by apoptosis in response to treatment with bortezomib, we measured cell death using several flowcytometry-based assays, as recommended in 'Guidelines for the use and interpretation of assays for monitoring cell death in higher eukaryotes' (Galluzzi et al., 2009) . First, after treating P493-6 cells with 1 nM bortezomib we added tetramethylrhodamine ethyl ester perchlorate (TMRE) to the culture plates. TMRE localizes in the mitochondria of healthy cells and is released upon depolarization of the mitochondrial membrane. We also measured binding of Annexin V to phosphatidylserinepositive membrane surfaces, which are exposed on apoptotic cells. In the third assay, we determined the integrity of the nuclear membranes by adding to the culture plates Yo-Pro, a monomeric cyanine nucleic-acid stain that binds double-stranded DNA. All three flowcytometric analyses consistently demonstrated the presence of 27-42% of apoptotic cells at 5 h 30 min after addition of bortezomib (Figure 3a) .
To confirm that botezomib-induced cell death is dependent on p53, control and p53-depleted cultures were exposed to various concentrations of bortezomib and the percentage of apoptotic cells was measured by incorporation of TMRE and Yo-Pro and by binding of Annexin V. Data in Figure 3b show that, irrespective of the method used for cell-death detection, depletion of p53 interferes with bortezomib-induced apoptosis. Furthermore, western blot analysis of the cleavage of poly-ADP ribose polymerase (PARP) demonstrated that while control cells cleaved PARP as early as 6 h after treatment with the drug, in p53-depleted cells no PARP cleavage was detected (Figure 3c ). Finally, we repeated this experiment using as death marker the activation of effector caspases 3 and 7, which were measured in a quantitative luminescence-based assay. As shown in Figure 3d , caspase 3/7 activity increased as P493-6 cells were treated with escalating concentrations of bortezomib ('Control' plot) . This activity is reduced B2.5-fold when p53 is knocked down with siRNA. Thus, bortezomib-induced cell death in P493-6 cells is indeed p53-dependent apoptosis, and the latter two assays (PARP cleavage and caspase 3/7 activation) were used to monitor it in subsequent experiments.
miR-34a is antiapoptotic in Myc-transformed cells treated with bortezomib
We next asked whether downregulation by miR-34a of Myc and eventually p53 would compromise responses to bortezomib. As anticipated, no PARP cleavage was observed in miR-34a-treated cells while control mimictransfected cells exhibited evidence of cell death (Figure 4a ). Using the caspase 3/7 assay, we determined that in untreated cells miR-34a and anti-p53 siRNA have no effects on cell viability ('0 nM' in panel 4b). However, in the presence of bortezomib, miR-34a inhibited cell death as efficiently as did anti-p53 siRNA (Figure 4b ). To determine if the reverse is also true, we transfected P493-6 cells with the anti-sense miR-34a inhibitor (see Figure 2f ) before bortezomib treatment. As shown in Figures 4c and d , miR-34a knockdown Myc-dependent pro-apoptotic effects of miR-34 E Sotillo et al resulted in more PARP cleavage and higher caspase 3/7 activity. This increase in bortezomib sensitivity correlated well with elevated levels of both Myc and p53 (compare lanes 2 and 4 in panel 4d).
The identification of microRNA homology sequences in the 3 0 UTRs of various tumor-associated genes opened a new chapter in cancer genetics and genomics and demonstrated that classically defined oncogenes and tumor suppressor genes need not encode proteins and that chromosomal abnormalities affecting micro-RNA genes can have profound effects on cancer initiation and progression (Calin and Croce, 2007) . A paradigm-establishing discovery of tumor suppressive microRNAs was the demonstration that the DLEU2 locus frequently deleted in chronic lymphocytic leukemia does not contain an open reading frame and instead serves as a host gene for the miR-15a/16 microRNA cluster (Calin et al., 2002) . The causative role of miR-15a/16 in chronic lymphocytic leukemia pathogenesis was recently validated in the mouse model (Klein et al., 2010) . On the oncogenic side, miR-17B92 remains the prime example of a miRNA-encoding gene amplified in human cancers (Ota et al., 2004) and strongly contributing to B-lymphomagenesis in mouse models (He et al., 2005; Ventura et al., 2008; Xiao et al., 2008; Mu et al., 2009; Olive et al., 2009) . Interestingly, both miR-15a/16 and miR-17B92 are regulated by Myc in a manner consistent with its oncogenic function (repression and activation, respectively).
However, other miRNAs deregulated in cancer may not fit the strict definition of cancer genes and their binary classification into oncogenes and tumor suppressor genes might be misleading. Part of the problem is that microRNAs function in certain cellular and genetic contexts and any given miRNA that promotes neoplastic growth in one cell type could inhibit it in another, depending on the repertoire of its target genes. Another important consideration is that a seemingly 'tumor suppressive' microRNAs can inhibit early stages of (c) P493-6 cells were transfected with siRNA targeting p53 followed by treatment with 1 nM bortezomib for 5 h 30 min. Full-length and cleaved forms of PARP (arrows) were analyzed by western blotting using anti-PARP (#215-228) antibody (Calbiochem, EMD Biosciences). (d) P493-6 cells transfected with siRNA against p53 were treated with indicated concentrations of bortezomib, and caspase 3/7 activity was measured in 96-well clusters (5 Â 10 4 cells/well) using Caspase-Glo 3/7 Assay (Promega, Madison, WI, USA). Luminescent signals were captured and analyzed in a Synergy 2 plate reader (BioTek Instruments, Winooski, VT, USA). Each concentration was assayed in triplicates and two-way Anova statistical tests were performed with a levels of significance Po0.01. Error bars represent s.ds.
Myc-dependent pro-apoptotic effects of miR-34 E Sotillo et al tumor pathogenesis (that is, function 'host-friendly') but at the same time render existing neoplasms resistant to chemo or radiation therapy (that is, function 'tumorfriendly'). The same duality potentially applies to 'oncogenic' miRNAs-or protein-coding oncogenes such as Myc itself (Sala et al., 2009 ).
Our present study underscores both complexities. On the one hand, miR-34a is known to function downstream of p53 and mediate pro-apoptotic and antiproliferative effects of this tumor suppressor in nonMyc-amplified cell lines such as HTC116, H1299 and U2OS (Bommer et al., 2007; Chang et al., 2007; Corney et al., 2007; Raver-Shapira et al., 2007; Tarasov et al., 2007; He et al., 2007a) . Furthermore, there are many cell lines where miR-34a has apparent growth suppressive effects. Examples include but are not limited to neuroblastoma (Welch et al., 2007; Cole et al., 2008) , glioma and medulloblastoma (Guessous et al., 2010) , ovarian carcinoma (Corney et al., 2010) and megakaryocytic leukemia , although in other studies intrinsic growth-inhibitory effects of miR34a were documented (Dalgard et al., 2009; Luan et al., 2010) . Yet all these studies were conducted using cell lines where Myc is not known to be genetically deregulated and cell accumulation generally was not measured under treatment with chemotherapeutic drugs.
In this study we demonstrate that in Myc-driven tumors, miR-34a improves cell survival under treatment with bortezomib, based on its ability to reduce p53 levels. This surprising finding was fully attributable to Myc overexpression as in the absence of Myc (doxocyclin-treated P493-6 cells) miR-34a had no effect of p53 levels and function. Furthermore, in the absence of bortezomib, we have not observed any effects of miR34a on intrinsic apoptosis suggesting that the regulation of p53 by miR-34a only matters in the context of chemotherapy, where miR-34a switches from being 'host-neutral' to 'tumor friendly'. Furthermore, our findings reinforce the emerging idea that Myc might be a key target of miR-34a. Although regulation of Myc 3 0 UTR by miR-34 family members had been observed in luciferase sensor and miRNA pullout assays (Kong et al., 2008; Christoffersen et al., Figure 4 miR-34a renders P493-6 cells more resistant to bortezomib-induced apoptosis. (a) P493-6 cells transfected with miR-34a mimic were treated with 1 nM bortezomib for 5 h 30 min. Full-length and cleaved forms of PARP (arrows) were analyzed by western blotting using anti-PARP antibody. (b) P493-6 cells transfected with siRNA against p53 or miR-34a mimic were treated with indicated concentrations of bortezomib for 3.5 h. Caspase 3/7 activity was measured as in Figure 3d . (c, d) P493-6 cells transfected with anti-miR-34a or control hairpin inhibitors were treated with bortezomib for 24 h and analyzed as in panels a and b, respectively. In panels b and d, each concentration was assayed in triplicates and two-way Anova statistical tests were performed with a levels of significance Po0.01. Error bars represent s.ds. (e) A model depicting complex interplay between miR-34a, Myc and p53 in Myc-driven tumors.
Myc-dependent pro-apoptotic effects of miR-34 E Sotillo et al 2010), only very recently an effect of miR-34a on a Mycdriven cellular phenotype (DNA replication) has been reported (Cannell et al., 2010) . Our finding that miR-34a expression compromises the Myc -4 Arf -| HDM2 -| p53 axis in B-cells and overrides possible SIRT1-dependent effects on p53 (Figure 3f ) is likely to have broad implications not only for B-lymphoid malignancies, but also for other tumors with Myc rearrangements.
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